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In high tension cables (10KV and above), the voltage stress appearing across cable 
insulation is considerably high. Every precaution is taken in cable factories so that the 
polymeric insulation is free from voids, impurities, semicon protrusions and others etc. 
However, in real life, it is not possible to design a 100% void and impurity free cable 
insulation. Simulation techniques like finite element enables to assess cable insulations by 
evaluating electric field distribution. Electric field presence can be significant for cables 
being aged or damaged due to penetration of moisture (water), sand, air and mixture of 
contaminants. Therefore, the objective is to analyze electric field distribution in scenarios 
of healthy insulation and damaged insulation caused by different types of voids. The model 
is prepared and simulated by using COMSOL Multiphysics for applied voltages 10kV, 
15kV and 20kV on polyethylene cables.  
The results of the simulation are compared amongst vicinity of different impurities and 
without impurities and electric and water trees are plotted to visualize treeing effect and 
understand the impact of different contaminations in cable insulations. For all cases of air, 
sand, water, and mix voids taken under study, it was observed that the case of water void 
has more severe electric field distribution causing more severe electric tree propagation 
XXI 
 
than any impurity. The greater the value of relative permittivity, the more will be electric 
tree propagation and thus highest values of electric field stress. The overlapping of water 
trees oriented from tips of voids increases with an increase in applied potential. The cable 
insulation medium having less permittivity should be used to prevent catastrophic 
breakdown of cable insulation along with more nonlinear characteristics to have large 
portfolio of crystalline habits, organization, and orientation. The proposed model would 
help to design better nonlinear cable insulation material when all such factors of different 
impurities and tree behavior taken under study. 
MASTER OF SCIENCE DEGREE 
KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS 


















THESIS ABSTRACT (Arabic) 
 الرسالة ملخص
 : فرحـــان جافيــــد   االسم
 والمائية في عوازل كابالت: حسابات االنهيارات المتفرعة الكهربائية   عنوان الرسالة
 الضغط العالي ألنواع مختلفة من الفراغات    
 : الهندسة الكهربائية التخصص الرئيسي
 2017: مايو   تاريخ الدرجة
 
كيلو فولط وأكثر( يكون االجهاد الفولطي في نسيج المادة العازلة  10في كابالت الضغط العالي )
الصانعة لشتى الطرق للحيلولة دون تكون الفراغات الدقيقة مرتفع بشكل كبير. لذا تعمد الشركة 
والشوائب والنتوءات في بوليمرات المادة العازلة. بالرغم من ذلك في واقع األمر يستحيل انتاج كابالت 
من الفراغات والشوائب. لذا يتم اللجوء الى تقنيات المحاكاة  %100ضغط عالي تخلو مادتها العازلة 
ر المحددة لتمكننا من تقييم وضع المادة العازلة من خالل تقييم توزيع المجال مثل تقنية العناص
الكهربائي. ان وجود المجال الكهربائي قد بشكل كبير للكابالت المعمرة او التي بها تلف نتيجة تغلغل 
الرطوبة او الغبار أو الهواء المحمل بمواد ملوثة. لذلك الهدف من الدراسة تحليل توزيع المجال 
الكهربائي من خالل عدة سيناريوهات للمادة العازلة في حالة وجودها سليمة وحالة كونها بها تلف 
بسبب عدة أنواع من الفراغات. يتم التحليل باستخدام نموذج تم اعداده ومحاكاته بواسطة برنامج 
(COMSOL كيلو فولط على كابالت نوع بولي أثيرين. 20و  15و  10( لمجموعة الجهود 
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مقارنة نتائج المحاكاة بين المناطق القريبة من الشوائب المختلفة وبدون شوائب ويتم رسم تتم 
التصدعات الشجرية الكهربائية والمائية لتصور تأثير التصدع الشجري وفهم تأثير التلوث في عوازل 
تبين  راسةالكابالت. في جميع الحاالت الهواء والغبار والماء والخليط من الفراغات التي اعتمدت للد
أن حالة وجود فراغات الماء هي األشد تأثيرا على توزيع المجال الكهربائي وأكثر تأثرا من حالة 
كلما زادت السماحية النسبية كلما زاد انتشار االنهيار الشجري الكهربائي في العازل   وجود الشوائب.
االنهيارات الشجرية المائية النابعة تداخل تفرع وكلما أيضا زاد االجهاد من المجال الكهربائي. ان 
لذا ينبغي استخدام وسط عزل لكابالت ذو  من الفراغات يزيد مع زيادة الجهد الكهربائي المطبق.
سماحية اقل لمنع االنهيار الكارثي لعزل الكابالت مع المزيد من الخصائص غير الخطية التي لها 
نسيج ضافة الى طريقة التنظيم والتوجيه البنائي للمجموعة كبيرة من الخصائص السلوكية البلورية باإل
العازل. ومن شأن النموذج المقترح أن يساعد على تصميم مواد عزل كابالت غير خطية أفضل عندما 
تكون جميع عوامل الشوائب والسلوكيات االنهيارية الشجرية المختلفة مأخوذة في االعتبار في 
 الدراسة.
 
 شهادة ماجستير في العلوم
 عة الملك فهد للبتول والمعادنجام












Electrical power cables are used as a major component to transmit power from the supply 
to the load. An electrical power cable is an assembly comprising of one or more conductors 
with insulation and protective coverings. Three main categories of power cables are LV 
(Low Voltage), MV (Medium Voltage) and HV (High Voltage). Medium voltage power 
cables have a voltage greater than 1kV which usually goes to 46kV. Medium voltage 
distribution systems begin at substations and supply electricity to a wide spectrum of 
consumers.  
Conventional polyethylene cables were in practice since mid of the 1960s as MV for 
underground distribution (URD) systems. In the late 1980s, different incorporation of 
polymers in existing insulation materials and a vast improvement in design provided better 
conductor shielding. Polymers have 10% less dielectric losses than cellulose paper and 
have 4 times more dielectric strength than that of oil impregnated paper. The only 
disadvantage of using polymers is that even if there is a single defect in insulation, the 
dielectric integrity is greatly affected. 
1.2 THESIS MOTIVATION AND OBJECTIVES 
When selecting a cable, the basic aim is to safely provide adequate power with continuous, 




conditions. Power cables are manufactured in factories under controlled environment and 
sophisticated online monitoring. The produced cables are further tested according to 
standard and guidelines before acceptance for use. However, cables laid at the site may not 
deliver the required performance due to adverse installation conditions, unintentional 
damage during cable laying and unavoidable factors such as dust, moisture, etc. impurities 
penetrate into cable insulation causing voids. The voids are a region of localized discharge 
and heating which ultimately develop into a carbonized path in the insulation. The 
formation of carbonized pockets causes the effective insulation thickness to reduce and 
develop a carbonized conducting tracking path which ultimately results in dielectric 
breakdown. This is known as electrical treeing. 
When cables with the electric tree are continuously operated, more concentrated areas of 
electric field stress will form on an insulation layer. As impurities are polar so gradually it  
will fill electric tree channels and hence, initiation and propagation of water trees occur at 
the tips of electric trees. Thus, absorption of moisture through impurities forming 
elliptically-shaped voids in cable insulation where carbonized pockets/gaps are formed is 
called water treeing. 
Water voids are water-filled particles also known as micro-cavities connected by the very 
thin medium of micron order. These can be seen in the areas with high electric fields, like 
the surface of insulation or conductor as vented trees or in the region of hole and impurities 
as bow tie trees and begin to evolve from the region where the electrical field strength is 
higher towards the region where the electrical field strength is very less. The major 
importance of water treeing is the advancement of the electric field separation, the electric 




of the dielectric medium. Thus, estimation to calculate polyethylene insulation for medium 
voltage cables has 30%-32% more electric field near the water trees. The presence of water 
tree in the specific given length and charge density will give more early insulation 
breakdown. To measure the impact of electrical and water treeing, finite element method 
is used to simulate cable insulation under electric stress. This methodology becomes handy 
for researchers and cable manufacturers to design more optimal cable insulation to 
minimize such adverse effects using different insulation mediums. 
The objectives of this thesis can be summarized as follows: 
 Develop a geometrical model of cable insulation under study with voids of air, 
sand, water, and mixture of water with air as individual cases and without voids as 
healthy cable case. 
 Compute electric field stress and electric potential across cable insulation for 
applied voltages 10, 15 and 20 kV in medium voltage spectrum. 
 Simulate electric and water trees model for each case. 
 Compare and study results of electrical and water trees propagation for different 
types of voids. 
1.3 THESIS APPROACH AND METHODOLOGY 
The work is divided into the following two stages: 
 Literature survey on nonlinear materials to improve electric field distribution along the 
silicone rubber composite insulators, continuous reliability of medium voltage cables 
with offline partial discharge diagnostics, characteristics of XLPE covered conductors 




aging and breakdown under the vicinity of water voids using finite element method, 
analyzing electrical tree propagation in XLPE power cable insulation by energy 
threshold analysis, AC breakdown strength and dielectric behavior of water-treed plane 
samples of low density polyethylene and possible conversion of electric tree into a 
water tree in XLPE cables. 
 Develop a geometrical model by taking one radial segment of the cable cross-section 
area under study with voids of air, sand, water, mixture of water-air and without voids 
as individual cases using AC/DC module from COMSOL Multiphysics application. 
Define relative permittivity of all materials, initial and final electric potential values 
using electrostatics under physics group into the proposed geometrical model. Perform 
mesh analysis and simulate the model for electric field stress which is done by finite 
element method. Plot graphs on various cases under study for the behavior of electric 
potential and electric field stress with and without voids. Simulate electrical and water 
trees on various cases under study with voids by arrow line plot. Compare and study 
results of electrical and water trees propagation for different types of voids.   
1.4 THESIS CONTRIBUTIONS 
The contributions of this thesis in the field of electrical and water trees are as below: 
 The proposed approach not only determines the impact of water voids associated 
with electric field stress and electric potential but also impact of other possible 




 No work has yet been reported to determine electrical trees propagation in power 
cables for different types of voids including air, sand, and mixture of water and air 
in cable insulation. Only work on water trees is performed by reference papers. 
1.5 THESIS ORGANIZATION 
The remaining chapters in this thesis are organized as follows: 
Chapter 2 contains literature survey on cable insulation issues, role of nonlinear materials 
to improve electric field distribution from core conductor to insulation, assuring cables 
reliability through partial discharge diagnostics, XLPE insulation cables characteristics and 
applications in LV and MV networks, aging and breakdown of cable insulation due to water 
voids, analysis of electric tree propagation in XLPE cables, AC breakdown strength and 
dielectric response of water treed cables and possible conversion of electric tree into water 
tree in XLPE cables. Chapter 3 gives a proposed methodology for mathematical and 
geometrical models for a polyester resin insulation cable understudy to compute electric 
field distribution and simulate trees. Chapter 4 addresses simulation and results from the 








This chapter represents literature survey about impact of nonlinear materials on electric 
field, assuring reliability of cable by diagnostics, characteristics of XLPE cables, aging and 
breakdown of cable insulation due to water voids, electric tree propagation in XLPE cables, 
dielectric response of water trees and possible conversion of electric trees into water trees 
in XLPE cables. 
2.1 ROLE OF NONLINEAR MATERIALS TO IMPROVE 
ELECTRIC FIELD DISTRIBUTIONS 
The concentration of electric field stress causes premature degradation in insulating 
material. The relationship between conductivity and electric field stress depends upon the 
linearity of insulating material. Work on [1] suggests that the more nonlinear characteristics 
of the insulating medium, the more is uniform electric field distribution along the surface 
of an insulator. Silicone rubber based insulators are widely used in power system 
applications and have more advantages over conventional porcelain and glass insulators. 
However, silicone being very organic material is still vulnerable to natural processes such 
as the formation of carbonaceous track on the surface when there is electrical discharge. 
This leads to premature degradation and more likely to cause insulation breakdown.  
To make silicone rubber more nonlinear, an experiment is conducted in [2] by introducing 




The testing composite is placed between electrodes where a high voltage DC supply of 0-
10 kV is used as shown in Figure 2.1. The relationship between conductivity (γ) and electric 
field (E) is expressed as: 
𝛾 =  𝛼𝐸𝛽                        (2.1) 
 
Figure 2.1: Nonlinear composite under measurement 
Where (β) is nonlinear conductive coefficient and (α) is constant related to material 
properties and structure. The result of the experiment states that the conductivity of nano-
SiC with silicone rubber as composite material is changed when electric field reaches a 
certain value called threshold value. Nano-SiC as filler was used at different weight-ages 
i.e. at 70% and 65%. The weight-age of 70% nano-SiC as filler in silicone rubber gave 
higher values of β and γ than using 65% of weight-age filler and pure silicone rubber only. 
Therefore, the higher the weight-age value of nonlinear filler loading lesser is the value for 
the threshold electric field beyond which conductivity increases. This gives more 
promising conductivity with a lesser concentration of electric stress across leakage path in 



















2.2 ASSURING CABLE RELIABILITY BY PD TESTS 
Two case studies were made in [3], in the first case petrochemical plant site having power 
system of 44 cables was considered. The subject cables were routinely tested by DC 
maintenance tests as per IEEE 400 standard for field testing and evaluation of the insulation 
of shielded power cables [4]. The standard covers shielded, insulated power cable systems 
rated 5 kV and above describing the tests with advantages and disadvantages, suggested 
applications, and results. Even though these DC tests were passed, the cables continued to 
fail in service. An offline partial discharge (PD) test was performed which confirmed 40 
defective terminations and 9 defective splices. Since these cable systems had several 
insulation defects the owner decided to replace all of them. After that site did not face any 
problem. If the failure rate has continued to increase by not having offline PD test, the plant 
would most likely to have more severe and costly unplanned power outages.  
In the next case study, the second plant was taken into account having aged quantity 23 
ethylene propylene rubber (EPR) three-phase cable system. Amongst 23 only 8 were 
identified with metallic tape shield corrosion and only 1 insulation was defected by running 
offline PD predictive test. In addition, the owner decided to put back the defected insulation 
cable into service to meet plant requirements. Following one day, after the predictive 
offline PD test, the site underwent breakdown as that same cable failed at specified PD 
location. Another significant unplanned outage would have been avoided if only followed 
recommendations of offline PD test.  
Even in case of highly corroded shields, there are offline diagnostic solutions and 
techniques available to provide significant insight into the condition of the cable system. 




deteriorates at different discrete locations throughout the cable. The high electric field 
stress generated by contaminants, voids, and electric trees associated with water trees can 
produce PD and lead to service failure. According to [4], IEEE standards no longer support 
DC test as a maintenance or acceptance test for extruded cable system due to further 
degradation or failure of aged-cable insulation after returned to service. Studies have shown 
that service failures could have been avoided if the cables were remained in service and 
not been exposed to DC test.  
On occasions when cable cannot be taken out of service, an online PD test can be performed 
to trace PD activity on defects that appear at the operating level, however, cannot assure 
reliability of the system. The offline PD diagnostics can be performed on a limited basis 
for meaningful assessments on even severely aged or corroded cables [5]. 
2.3 CHARACTERISTICS OF XLPE COVERED 
CONDUCTORS IN LOW AND MEDIUM VOLTAGE 
NETWORKS 
A study has been made on the characteristics of XLPE covered conductors in [6] for LV 
and MV applications of power distribution using Finite Element Method (FEM). XLPE 
covered conductors decrease phase clearances, right of way (ROW) of overhead lines, 
operational and maintenance costs, power outages and increases reliability and safety of 
the distribution power system. 
Covered Conductors (CC) with XLPE works with conductors having maximum operation 
temperature 90oC and resistivity of more than 1016 Ωcm having good stability against 




polyethylene with bare conductors i.e. Peroxide method, Vinilsilan method and Beta ray 
radiation method [7]. The cross-linking of PE in peroxide method is done by activating 
peroxide materials by heating at temperature 180-220oC. This process can be done by 
extruders only in one stage, whereas Vinilsilan method is performed in two stages for cross-
linking PE. In the first stage, the Vinilsilan mixtures are kept in special conditions with 
other additives and resulting material is covered on the conductor. In the second stage, the 
covered conductors are kept in a high-temperature steam room. Comparing these methods, 
peroxide method needs higher initial investment, has lower production speed and produces 
more waste material than Vinisilan method. Whereas Beta ray radiation method is very 
costly and requires high technology apparatus. 
FEM is widely used in engineering applications and cable manufacturing industry to 
enhance insulation technology. The main advantage of this method in CC performance is 
its ability to evaluate and analyze electric and magnetic fields around and within insulation 
for cases like transient and short circuits, unbalanced conductors or polluted by impurities 
such as moisture or water etc. 
2.4 AGING AND BREAKDOWN OF CABLE INSULATION 
DUE TO WATER VOIDS 
The assessment of cable insulation condition is achieved by advanced diagnostic and 
simulation techniques which assist in measuring and monitoring the properties relevant to 
aging and failure of insulation. One of the most important property is electric field 
distribution which is a dominant factor to initiate the degradation process in the insulation 




enhancement of the electric field occurs causing field stress values to approach or exceed 
the value of insulating material dielectric strength. This causes insulation system aging and 
breakdown. A work presented in [8] has taken a model also shown in Figure 2.2 which 
consists of elliptical shape water voids within insulation of polyester resin which is polymer 
based cable simulated by FEM to compute electric field distribution. Polyethylene depends 
more upon formulation, compounding, processing, and annealing than any other polymer. 
Polyethylene not only has various chemical variations but a portfolio of crystalline habits, 
organization, sizes and orientation [9]. Thus, water absorption of polyethylene is 
unavoidably influenced by characteristics of its material. Polymer i.e. polyester resin is 
characterized by its chemical purity and hardness which eases microscopic study of water 
treeing a lot easier. 
 
Figure 2.2: Simplified representation of model in study on (LEFT), sketch of taken cross section from model under 
study on (RIGHT) 
radial segment 
of wet cable 


















When cable insulation is free of water voids, the potential and electric stress values 
decrease in unequal pattern from the conductor core surface to the outermost cable sheath. 
However, when the water voids are included then the field and potential values show more 
divergence than the healthy insulation case. This nonuniform distribution of potential and 
field is more noticeable due to water has more relative permittivity 𝜀 i.e. 80 than insulation 
material i.e. 2.85 [10], [11], [12].  
The study shows that the field enhancement is strongly dependent on the shape and quantity 
of water particle absorption.  It was also found that higher electric stress field values are 
found across tips of elliptically shaped water voids at applied potential. Such regions 
located in the vicinity of sharp edges of water particles are characterized by the high electric 
field and are suitable points for tree initiation. The growth of trees means the high field 
will be originated at the tip of the channel of the trees, which can inevitably also affect low-
field areas after some time. If water absorption continues further, the number of water 
particles shall increase and consequently, the high-field regions will tend to increase [13], 
[14]. 
2.5 ANALYSIS OF ELECTRIC TREE PROPAGATION IN 
XLPE CABLES USING ENERGY THRESHOLD METHOD 
The electrical tree is one of the major breakdown aspects for dielectrics under high electric 
stress. The characteristics of electrical tree growth in XLPE cables have been investigated 
in [15] by experiment. The electrical trees were grown from pin to plane within the 




the electrodes of 1 and 2 mm. Figure 2.3 shows a simple representation of XLPE sample 
under study.  
 
Figure 2.3: Representation of XLPE sample under study 
The images for the trees and their growth were captured by the Charge Coupled Device 
(CCD) camera which converts light into electrical charges. The cable specimen of 2 mm 
length was cut and steel needle with a tip radius of 2 µm was gradually inserted. The earth 
electrodes are copper rods with a radius of 5.5 mm and length of 3 mm. Upon insertion of 
needles, the sample cable was observed under a microscope and qualified samples were 
taken into the next level of experiment. The success rate was found only 30% due to 
damage to the needle tip and small air gap around the tip. As shown in Figure 2.4, 
experiment consisted of the various apparatus i.e. low voltage power supply, voltage 
regulator, high-frequency voltage generator, oscilloscope and microscopic CCD system. 
The experiment was performed first under constant 4 kV RMS AC voltage at frequencies 







under constant frequency 4 kHz at voltages 4, 5, 6, 7, 8, 9, 10, 11 and 12 kHz with 
electrodes distance of 1 mm. 
 
Figure 2.4: Experiment apparatus for XLPE sample 
The tree propagation is an irreversible process of degradation of conducting pathway which 
is also called conducting micro crack [16], [17]. The time required for the formation of 
these microcracks is almost equal to the time of the tree growth. The formation of 
microcracks depends upon the energy of the charge carrier at the tip of the tree. When such 
energy gets higher than critical / threshold value, the microcrack forms and its branch 
extends.  
The experiment results showed that with the increase in voltage, threshold energy decreases 
rapidly till 6 kV and then remains unobvious from 6 kV to 10 kV and afterward decreases 
rapidly. Voltage and frequency both have an influence on tree growth. At different 
voltages, three kinds of branches of microcrack are produced i.e. sparse type, dense type, 
and bush type. Under the higher frequencies, either electrical tree is rapidly growing in 
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simple branch form or not growing. The distance between the electrodes, when changed 
from 1 mm to 2 mm with all other conditions unchanged, the required voltage of the similar 
electrical trees decreases only by 1-2 kV. Double-structured electrical trees are more likely 
to be formed when electrodes are at distance of 2 mm. The total amount of space charge 
decreases with an increase in frequency when more than 1 Hz and measurable net charges 
are negligible, and no significant space charge is found at a frequency when reaches 50 Hz 
[19].  
2.6 AC BREAKDOWN STRENGTH AND DIELECTRIC 
RESPONSE OF WATER-TREED LDPE 
A work has been done in [20] where water trees are grown at electric field stress of 4 
kV/mm and frequency 5 kHz. Sodium chloride (NaCl) solution of 0.1 M is taken as an 
electrolyte to make contact with a sample of Low-density polyethylene (LDPE). The 
abrasive sheet of paper is used to produce needle-like effects during the process. The results 
show the breakdown strength decreases with increase in water tree average length and 
volume [21], [22].  
The samples of LDPE were disks with a thickness of around 0.5 mm and diameter of 50 
mm [23]. The water tree volume for the sample is determined by considering the tree as 
ellipsoids at semiaxes a and b as shown in Figure 2.5. The summation of the volume of all 
trees is divided by the total volume of three slices taken under study. The breakdown tests 
were performed in cells filled with silicone oil with electrodes of diameter 10 mm. The AC 
voltage is applied at a rate of 500 V/s until breakdown. Three un-treed and water-treed 





Figure 2.5: Water tree as ellipsoid for volume calculation 
The dielectric behavior of the water-treed samples showed an increase in permittivity 
values εr
’ with aging time and three loss peak tan δ variation in water treed LDPE samples. 
The loss tangent has two components, one is the dielectric loss due to AC and second is 
the dielectric loss due to DC component. The frequency variation of loss tangent un-treed 
LDPE results in no dielectric loss and a continuous decrease observed with frequency.  A 
small peak of tan δ due to AC loss was seen in the region between 105 and 106 Hz [24], 
[25].  
2.7 POSSIBLE CONVERSION OF ELECTRIC TREE INTO 
WATER TREE IN XLPE CABLES 
The phenomenon of electric tree conversion into water tree in XLPE cables was presented 
by 2D simulation model in [26]. The electric trees were initiated directly under high 
amplitude voltages, however, when transient voltages disappeared, moisture penetrated 
and the tips of the electric tree became the new site location for water trees. The overall 2D 









Figure 2.6: Overall model of electric and water tree  
There are three reasons for electrical trees convert into water trees. The first reason is 
electrical tree propagation results in shielding effect of electric field stress. The second 
reason is that the applied voltage during an instance of water tree is much lower than the 
voltage during electrical tree initiation. The third reason is that the water needle electrode’s 
function to inject charges into the polymer surface is less than steel needle electrode. It is 
thus, difficult to inject charges into insulation for water needle electrode. When water tree 
is initiated around electric tree branches, the water tree reduces greatly the distorted electric 
field stress at the tip of the electrical tree [27]. This can make the electric field stress 
uniform at the tips of the electrical tree and the growth of further electrical tree will vanish 
when not at transient overvoltages [28]. 
When cables with the electric tree are continuously operated, more concentrated areas of 
electric field stress will form on an insulation layer for XLPE. Due to improper installations 
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or operational conditions on site, the outer sheath of cable insulation can be damaged from 
which moisture can easily penetrate through. As water molecules are polar so gradually it 
will fill electric tree channels and hence, initiation and propagation of water trees occur at 

















The previous contributions were limited to improve electrical field distributions by 
introducing nonlinear materials in cable insulation, having PD tests as diagnostics method 
to assure cable insulation reliability, study impact of water voids as impurity in cable 
insulation on electric field and electric potential using FEM, propagation of electric trees 
produced by needle insertion with respect to frequency and applied potential, impact on 
dielectric strength due to water tree in cable insulation, and possible conversion of electric 
tree into water tree in cable insulation. All contributions were either taking XLPE cable 
insulation under study or similar polymer of PE. 
However, no model was proposed yet to study the impact of penetration of other possible 
impurities such as air, sand, and mixture of water and air as a form of voids on the electric 
field, electric potential and propagation of electric tree and its conversion to water tree 
altogether using FEM.  Only water voids as impurity penetration were taken under study 
by earlier contributions either by using needle insertion method or FEM. Also, no study 
was made in any earlier models for the impact of overlapping of water tree with an increase 
in voltage and effect of changing PE insulation material in worst case of impurity material 
on electric field and electric tree propagation. 
The proposed model would help to design better nonlinear cable insulation material when 
all such factors of different impurities and tree behavior taken under study. Summary of 




Table 3.1: Comparison of earlier contributions with thesis work 
 
A single-core cable is modeled in COMSOL Multiphysics 5.0 by using AC/DC module 
and including water voids or other contaminants (sand, air, and mixture of water and air). 
The model is simulated for electric field stress distribution and electric trees with a 
complete analysis of the model is performed for stress and voltage also including all voids. 
Electrical Stress is calculated using FEM in the vicinity of water, sand, air, and combination 
of water and air voids from the proposed geometrical model in Section 3.2. Results are 
taken for Electrical Stress and Electric Potential values which are re-simulated to trace 
Electrical Trees originating from high-stress values across voids. Figure 3.1 shows process 
flow chart of the proposed methodology. 
The AC/DC module in COMSOL Multiphysics gives an environment for 2D and 3D 
simulation of electromagnetics. It provides further interfaces in fields of electrostatics, 
electric currents, magnetostatics and low-frequency electromagnetics. The AC/DC module 
handles static, time-dependent, and time-harmonic problems. The time-dependent and 
time-harmonic problems are solved by a quasi-static approximation. The major difference 
between quasi-static and high-frequency methods is that the formulations are dependent on 
the electrical size of the model. Since it is dimensionless and thus, its measurement is the 
Seq Description Earlier Contributions Thesis Contribution
1
Impurities taken as voids in the 
cable model
Only water voids
Water, air, sand and mixture of 
water-air voids taken in the cable 
model
2 Tree propagation
Water tree and formation of 
electric tree by needle
Formation of water tree and 
electric tree without needle with 
clear illustration of high stress 
areas
3
Detailed comparison of impurities 
affecting cable insulation 
breakdown
None
Compared results of electric and 





ratio between the largest distance from one point to another in the structure divided by the 
wavelength of the electromagnetic field. The quasi-static interface is suitable for 
simulations of models with an electrical size in the range up to 1/10. The algorithm makes 
an assumption that currents and charges generating electromagnetic fields vary so slowly 
in time that the electromagnetic fields are same at every instant as if had been produced by 
stationary sources. It also solves Maxwell equations for sources of electromagnetic fields 
when are more rapid and becomes appropriate for models of electrical size 1/100 and 
larger. 
Using a 2D model is easier to modify and faster to solve. In this case, cross section area 
under study is taken in xy plane. A simple way of looking at this is to assume that the 
geometrical model is extruded one unit length from the cross-section along the z-axis. An 
important technique to minimize the problem size is to use boundary conditions. There are 
various types of boundary conditions in COMSOL Multiphysics, for example, replace 
materials with high conductivity with the shielding boundary condition, which assumes a 
constant potential throughout the thickness of the layer. If the model has a magnetic 
material with high relative permeability, shielding boundary condition can be used.  
Next step goes to applying electromagnetic sources, after drawing cross-section model with 
defining boundary conditions and materials relative permeability. The typical options for 
applying electromagnetic sources are volume sources, boundary sources, line sources, and 
point sources, where point sources in the 2D model are equivalent to line sources in 3D 
models. The way these sources are applied can have an impact on the quantities to be 
computed from the model. For example, a point source in electrostatic model represents 




In general, using boundary or volume sources is more flexible than using line or point 
sources. In the proposed model, boundary sources were used. 
The finite element method (FEM) approximates the solution within each element, using an 
elementary function which can be constant, linear, or of a higher order. The mesh generator 
automatically generates a finer mesh where there are a lot of details of the geometrical 
model when clicked to generate a mesh in COMSOL Multiphysics. The process of meshing 
reduces number of points from infinity to quantifiable number of nodes, while keeping a 
degree of freedom per point same and reduces number equations from infinity to 
quantifiable number of equations. The number of equations are equal to number of nodes. 
The mesh can consist of different type of elements or multiple within the model such as 
tetrahedral (1st and 2nd order), triangular (1st and 2nd order), beam and truss. However, for 
2D models only tetrahedral and triangular elements are available.     
The materials selected for the components in the geometrical model are inhomogeneous 
and completely anisotropic. Upon application of selected suitable interface, in this case, is 
electrostatics solves physical quantities such as electric scalar potential and electric field 
distribution. Further quantities upon requirement can be solved if defined by equations. 
Each physics interface has a special tag which distinguishes from other interfaces avoiding 
conflicts between different simulations in the same model. The available preset studies for 
electrostatics interface are stationary, time-dependent, eigen frequency, frequency domain, 
and small signal analysis. The defined electric field distribution equation has three 
components x, y, and z which is according to Maxwell’s equations as discussed in next 
section of the mathematical model. The electrostatic interface solves Gauss’s Law for the 




adds the equation for the electric potential and helps to define the constitutive relation for 
electric displacement field and properties associated with it such as relative permittivity. 
Zero charge is also known as the default boundary condition and initial values are added 
automatically with charge conservation when the electrostatic interface is added to the 
model.  
 
Figure 3.1: Process flow chart for methodology 
Upon formation of the geometrical model with the application of electrostatics interface 
from AC/DC Module, the mesh analysis is performed. The finite element method provides 
an approximate solution within each element using elementary functions such as linear, 
constant, or high order.  The simulation of the model calculates electric field and identifies 
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water trees automatically, however, to identify electric tree propagation an arrow line plot 
is used in the model where there is high electrical stress. Further analysis of electric 
potential and electrical field trends, 2D plots were used.  
3.1 MATHEMATICAL MODEL 
Research work is based upon FEM of 2D plane stress solid [29]. External forces/potential 
are applied only in x-y plane and all stresses towards z-direction (𝜎𝑧𝑧 , 𝜎𝑥𝑧 , 𝜎𝑦𝑧) are all zero 
as shown in Figure 3.2 below. Where x and y are semi axis of void. 
 
Figure 3.2: 2D Plane Stress Problem  
The system equations for 2D solids can be obtained as of 3 components: 




]             (3.1) 
Following Maxwell’s equations are used to solve the model, 






∇. 𝐷 = 𝜌      ∇ × 𝐸 =  −𝜕𝑡𝐵           (3.2) 
∇. 𝐵 = 0      ∇ × 𝐻 = 𝐽 +  𝜕𝑡𝐷           (3.3) 
To solve these equations a set of boundary conditions are required, as well as material 
constitutive relations that relate the E to the D field, the J to the E field, and the B to the H 
field. Equation 3.4 gives electrostatic interface condition at interfaces between media and 
Equation 3.5 gives natural boundary condition in absence of surface charges:  
𝒏2. (𝑫1 − 𝑫2) =  𝜌𝑆                       (3.4)  
𝒏 . [(𝜖𝑜∇𝑉 − 𝑷)1 −  (𝜖𝑜∇𝑉 − 𝑷)2] =  −𝒏 . (𝑫1 − 𝑫2) = 0     (3.5) 
Under varying assumptions, these equations are solved in AC/DC module within the 
COMSOL product suite. The scalar potential is calculated as: 
∇. (−𝜇∇𝑉𝑚) = 0            (3.6) 
Where 𝐵 = −𝜇∇𝑉𝑚 . Following Figure 3.3 shows typical geometry of 2D cable under study 
for calculation of Electric Field/Stress where ‘a’ is radius of cable conducting core and ‘b’ 
is radius of insulation.  
 
         Figure 3.3: Typical Co-axial Cable Analytical Diagram 




𝐸(𝑥, 𝑦, 𝑧) =  𝐸 ̌(𝑥, 𝑦)𝑒−𝛾𝑧                  (3.7) 
3.2 GEOMETRICAL MODEL 
A simplified two-dimensional model is proposed to have a 25mm2 copper conductor cross-
sectional area with radius R1 while outside insulation thickness is taken to be R2 making 
complete cable radius of R (R=R1+R2).  
For ease of simulation, one radial segment is taken into observation consisting of 5 semi 
voids per line in form of ellipsoids. The voids hence can be defined for different impurities 
like water, sand or air. The radial segment is limited to insulation area and the inner 
boundary arc is defined for conductor presence. The radius of voids is taken as “r” making 
diameter “d” and spacing between each void is same as the diameter of each void. Thus, a 
total number of voids per radial line are 5 and have 4 spacing amongst making each element 
to have length R2/9 = d. 
 
 
Figure 3.4: Geometrical model of Cable under study 
d mm 
R2 mm 









The proposed geometry in Figure 3.4, also illustrates the vicinity of water tree by the 
boundary of voids in (b) and tips show the source of penetration of water voids. During 
FEM simulation by applying electric field equations, the water voids will be shown for 
each of the cases. The water voids shall be present in every case of impurity taken as 
material. The effect on cable insulation depends upon the shape of water bubbles. As of 
being in the non-uniform field, the spherical water particles are subjected to elongation and 
thus are considered to have an elliptical shape.  
The material properties used in the work as shown in Table 3.2, it can easily be seen that 
materials like water, air, sand and polyester resin have very less/negative exponential 
electrical conductivities. But it should be noted that water being though very less in 
electrical conductivity value but it increases when an electric current is passed through it. 
The high relative permittivity of water i.e. 80 gives an indication that how easier it can be 
polarized by the electric field by high concentrations of ions.  
The severity of electric trees will be discussed in simulations and then the severity of water 
trees for each case of void materials taken in the study which will reflect the propagation 
of electric trees.  
Table 3.2 : Material Properties 





Copper 1 5.998 x 104 
Water 80 5.5 x 10-9 
Air 1.0005 3 x 10-18 
Silica Sand 4.2 1.56 x 10-6 
Polyester Resin 2.85 1 x 10-18 
Polyethylene/XLPE 2.25 1 x 10-11 






SIMULATION RESULTS AND DISCUSSION 
To study the electric field distribution in multiple scenarios, a MV single core copper 
conductor with PE insulation cable of cross-sectional area 120 mm2 is taken which has 
conductor radius of R1 = 2.8209 mm while outside insulation thickness is R2 = 3.4 mm. 
This makes complete cable radius of R = 6.2209 mm. The cable is operating at 10kV, 15kV 
and 20 kV taken as three cases. The insulation of cable is PE, however, for the purpose to 
analyze the impact due to polymers in insulation, polyester resin is employed which has 
the relative permittivity of 2.85 and dielectric strength of 20 kV/mm [8]. Though water 
treeing is usually observed in PE having a permittivity of 2.25, the polymer i.e. polyester 
resin is used having a permittivity of 2.85 because PE not only has a multitude of chemical 
variations but also a large portfolio of crystalline habits, organization, sizes and orientation. 
Thus, impurity absorption is inevitably influenced by characteristics of PE. Whereas, 
polyester resin is characterized by its chemical purity and hardness, which makes 
microscopic studies of electrical and water treeing easier and accurate.     
The radial segment of above-specified cable is taken as a geometrical model having inner 
arc length LI = 0.5 mm while outer arc length LO = 1 mm. The radius of voids are taken to 
r = 0.18889 mm making diameter d = 0.37778 mm and spacing between each void is same 
as the diameter of each void i.e. d = 0.37778 mm. These calculations were calculated as a 
total number of voids per radial line are 5 and have 4 spacing amongst making each element 




After defining a geometrical model with material properties, boundary conditions, and 
interfacing electrostatic properties, the designed model proceeds for computation in 
COMSOL Multiphysics. A system is defined in settings of electrostatics interface to 
simulate E in V/m as per equations in the mathematical model. A mesh for the drawn 
geometrical model is built within the component section. It uses FEM to calculate required 
parameters defined in the study. The process of meshing reduces the number of points from 
infinity to a quantifiable number of nodes, while keeping a degree of freedom per point 
same and reduces number equations from infinity to a quantifiable number of equations. 
The number of equations is equal to a number of nodes. The mesh can consist of different 
type of elements or multiple within the model such as tetrahedral (1st and 2nd order), 
triangular (1st and 2nd order), beam and truss. However, for 2D models only tetrahedral and 
triangular elements are available. It eases to judge the quality of mesh by preview diagram 
and confirms if require a further split of elements before simulation. The mesh generator 
automatically generates a finer mesh where there are a lot of details of the geometrical 
model when clicked to generate the mesh. Figure 4.1 shows the generated mesh of 
proposed model. 
 




The following cases were taken into an account to simulate electric field distribution, 
electric trees and water trees in the complete model as well as plots on potential and electric 
stress at specified regions within the model for study: 
Electrical field distribution and tree propagation at applied voltages 10, 15 and 20 kV:  
i. Healthy cable insulation with no voids 
ii. Unhealthy cable insulation with air voids 
iii. Unhealthy cable insulation with sand voids 
iv. Unhealthy cable insulation with water voids 
v. Unhealthy cable insulation with mixture of water and air voids 
The mixture of water and air voids are taken as an alternative pattern in the geometrical 
model as the first void will be water void and the second void will be air void and vice 
versa. Thus, in such case, there will be three water voids and two air voids. 
4.1 ELECTRIC FIELD DISTRIBUTION AND TREE 
PROPAGATION AT 10 kV POTENTIAL 
Cases for healthy cable insulation with no voids, unhealthy cable insulation with air, sand, 
water and mix voids are simulated from the proposed geometrical model in COMSOL 
Multiphysics 5.0 using FEM for electric field distribution at applied 10 kV potential using 
AC/DC Module.  
4.1.1 HEALTHY CABLE INSULATION WITH NO VOIDS 
Figure 4.2 shows a 2D simulation of electric field stress distribution in V/m for the cable 




boundary. The region near copper core has highest electric field and insulation serves 
purpose successfully to minimize it. Figure 4.3 shows plot for stress in V/mm versus 
distance of the same cable region selected. Electric stress diminishes completely at 3.8 mm 
which in fact clears that copper core outer boundary is at 2.8209 mm. It shows that stress 
lasts for almost 1 mm in healthy cable case. Figure 4.4 shows plot for electric potential in 
V versus distance in mm, the potential value is minimized to zero after the high peak at 
around 3 mm. However, negative potential drop was observed prior to reaching 3 mm and 
then approaches to the zero.  
 
Figure 4.2: 2D Simulation of Electric Field in V/m of healthy cable at 10 kV potential 
The cable with no voids shows the best performance under applied potential and as 































no presence of voids or any impurity having high relative permittivity, the electric stress 
field diminishes as the relative permittivity of the polyester resin is 2.85.  
 
Figure 4.3: Graphical Plot Stress V/mm vs Distance mm for healthy cable at 10 kV potential 
 




The intensity of electric field stress not only depends upon relative permittivity of the 
material but also the geometry of the material which is affected by penetration of impurities 
and voids. To study the case, elliptical shaped 2D voids are drawn and simulated at 
applying potentials for different types of voids. The relative permittivities of air and sand 
voids are 1.0005 and 3.5 respectively but for water is 80.  
4.1.2 UNHEALTHY CABLE INSULATION WITH AIR VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.5.  
 
Figure 4.5: 2D Simulation of Electric Field in V/m of unhealthy cable with air voids at 10 kV potential 
It shows a similar behavior of high stress towards edges of the elliptical shape air voids. 































0.6841 kV/mm respectively at distances 3.1987 mm and 5.2649 mm. The graphical plot 
for electrical stress values across all air voids versus distance is illustrated by Figure 4.6 
and Table 4.1 shows corresponding values across each air void. Further plots for electric 
potential towards air voids is shown by Figure 4.7 and the electric field stress for the first 
gap between first two air voids is shown by Figure 4.8 to emphasize the severity of high 
values of electric field stress towards tips of voids. The first gap has the first void’s right 
tip and second void’s left tip. It is observed that electric stress values are high in the 
beginning which tends to drop when penetrating inside void and tends to increase upon 
leaving the void. However, the first increase in electric stress will possess greater value 
than next increase in electric stress and vice versa.   
 

















1 7.6686 2.8209 14.1990 3.1987 
2 12.7810 3.5764 6.2695 3.9542 
3 10.9976 4.3320 5.4608 4.7098 
4 9.6598 5.0875 4.8685 5.4653 
5 9.3772 5.8431 7.5887 6.2209 
 
 





Figure 4.8: Electric Stress versus Distance for 1st Gap between first two air voids at 10 kV potential 
The electric tree propagation is shown in Figure 4.9 as red arrowheads for one of the air 
void at 10 kV potential. 
 


























The tip of water trees can be seen on void edges as red, yellow and green diffusion and 
water tree itself can be seen as a black outer line of the void. The behavior of electric trees 
was observed to be same for all air voids in this model. The thicker and longer the 
arrowhead, more is the severity of electric tree propagation from the specified region which 
is observed across tips of air voids. It is also observed that high electric stress field areas 
were identified in the simulation of electric field distribution in Figure 4.5 became a source 
of electric tree as shown in Figure 4.9. 
4.1.3 UNHEALTHY CABLE INSULATION WITH SAND VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.10.  
 
































It shows a similar behavior of high stress towards edges of the elliptical shape sand voids. 
The maximum and minimum values for electric stress were found to be 16.3256 kV/mm 
and 0.215 kV/mm respectively at distances 3.1987 mm and 5.2765 mm. These maximum 
and minimum values appear on same distance reading as earlier for the case of air voids. 
The graphical plot of electrical stress values across all sand voids versus distance is 
illustrated by Figure 4.11 and Table 4.2 shows corresponding values across each sand void. 
Further plots for electric potential towards sand voids is shown by Figure 4.12 and the 
electric field stress for the first gap between first two sand voids is shown by Figure 4.13 
to emphasize the severity of high values of electric field stress towards tips of voids.  
 
Figure 4.11: Electric Stress versus Distance across area cross-section for sand voids at 10 kV potential 
The first gap has the first void’s right tip and second void’s left tip. It is observed that 




void and tends to increase upon leaving the void. However, the first increase in electric 
stress will possess greater value than next increase in electric stress and vice versa. 












1 2.6468 2.8209 16.3256 3.1987 
2 14.6627 3.5764 7.0040 3.9542 
3 12.6980 4.3320 6.1370 4.7098 
4 11.2147 5.0875 5.5125 5.4653 
5 11.2980 5.8431 2.8126 6.2209 
 
 





Figure 4.13: Electric Stress versus Distance for 1st Gap between first two sand voids at 10 kV potential 
The electric tree propagation is shown in Figure 4.14 as red arrowheads for one of the sand 
void at 10 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all sand voids in this model. The 
thicker and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of sand voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.10 became a source of the electric tree as shown in Figure 4.14. The electric tree 





Figure 4.14: Electric tree propagation from one of the sand voids at 10 kV potential 
4.1.4 UNHEALTHY CABLE INSULATION WITH WATER VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.15.  
 





















































It shows a similar behavior of high stress towards edges of the elliptical shape water voids. 
The maximum and minimum values for electric stress were found to be 17.1809 kV/mm 
and 0.0155 kV/mm respectively at distances 3.1987 mm and 6.1969 mm. This minimum 
value appears on different distance reading as compared to earlier for cases of air and sand 
voids.  
 
Figure 4.16: Electric Stress versus Distance across area cross-section for water voids at 10 kV potential 
The graphical plot for electrical stress values across all water voids versus distance is 
illustrated by Figure 4.16 and Table 4.3 shows corresponding values across each water 
void. Further plots for electric potential towards sand voids is shown by Figure 4.17 and 
the electric field stress for the first gap between first two water voids is shown by Figure 
4.18 to emphasize the severity of high values of electric field stress towards tips of voids. 
The first gap has the first void’s right tip and second void’s left tip. It is observed that 




void and tends to increase upon leaving the void. However, the first increase in electric 
stress will possess greater value than next increase in electric stress and vice versa. 












1 0.1564 2.8209 17.1809 3.1987 
2 8.0509 3.5764 14.4356 3.9542 
3 7.0106 4.3320 12.6757 4.7098 
4 6.1876 5.0875 11.4199 5.4653 
5 6.3314 5.8431 0.1744 6.2209 
 
 





Figure 4.18: Electric Stress versus Distance for 1st Gap between first two water voids at 10 kV potential 
The electric tree propagation is shown in Figure 4.19 as red arrowheads for one of the water 
void at 10 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all water voids in this model. The 
thicker and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of water voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.15 became a source of electric tree as shown in Figure 4.19. The electric tree 






Figure 4.19: Electric tree propagation from one of the water voids at 10 kV potential 
4.1.5 UNHEALTHY CABLE INSULATION WITH MIXTURE OF WATER AND 
AIR VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.20.  
 





















































It shows a similar behavior of high stress towards edges of the elliptical shape mix voids. 
The maximum and minimum values for electric stress were found to be 16.6975 kV/mm 
and 0.0151 kV/mm respectively at distances 3.1987 mm and 6.1969 mm. This minimum 
value appears on different distance reading as compared to earlier for cases of air and sand 
voids but same as water voids. 
 
Figure 4.21: Electric Stress versus Distance across area cross-section for mix voids at 10 kV potential 
The graphical plot for electrical stress values across all voids versus distance is illustrated 
by Figure 4.21 and Table 4.4 shows corresponding values across each void. Further plots 
for electric potential towards mix voids is shown by Figure 4.22 and the electric field stress 
for the first gap between first two voids is shown by Figure 4.23 to emphasize the severity 
of high values of electric field stress towards tips of voids. The first gap has the first void’s 




beginning which tends to drop when penetrating inside void and tends to increase upon 
leaving the void. However, the first increase in electric stress will possess greater value 
than next increase in electric stress and vice versa. 












1 0.1535 2.8209 16.6975 3.1987 
2 13.6676 3.5764 6.7235 3.9542 
3 12.9832 4.3320 6.2295 4.7098 
4 10.3656 5.0875 5.2611 5.4653 
5 11.7349 5.8431 0.1670 6.2209 
 
 





Figure 4.23: Electric Stress versus Distance for 1st Gap between first two mix voids at 10 kV potential 
The electric tree propagation is shown in Figure 4.24 as red arrowheads for one of the mix 
void at 10 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as black outer line of void. The behavior 
of electric trees were observed to be same for all mix voids in this model. The thicker and 
longer the arrowhead, more is the severity of electric tree propagation from the specified 
region which is observed across tips of mix voids. It is also observed that high electric 
stress field areas were identified in simulation of electric field distribution in Figure 4.20 
became source of electric treeing as shown in Figure 4.24. Also the electric tree propagation 





Figure 4.24: Electric tree propagation from one of the mix voids at 10 kV potential 
By comparing simulation and results of all cases under 10 kV applied potential, the worst 
case for electrical tree propagation from high electric field stress values was of water voids. 
The severity due to these cases can be seen in following descending order: 
Water voids > Mix voids > Sand voids > Air voids > No voids 
4.2 ELECTRIC FIELD DISTRIBUTION AND TREE 
PROPAGATION AT 15 kV POTENTIAL 
Cases for healthy cable insulation with no voids, unhealthy cable insulation with air, sand, 
water and mix voids are again simulated from proposed geometrical model at 15 kV 
potential. 
4.2.1 HEALTHY CABLE INSULATION WITH NO VOIDS 
Figure 4.25 shows 2D simulation of electric field stress distribution in V/m for the cable 


























boundary. The region near copper core has highest electric field and insulation serves 
purpose successfully to minimize it. Figure 4.26 shows plot for stress in V/mm versus 
distance of the same cable region selected.  
 
Figure 4.25: 2D Simulation of Electric Field in V/m of healthy cable at 15 kV potential 
Electric stress diminishes completely at 3.8 mm which in fact clears that copper core outer 
boundary is at 2.8209 mm. It shows that stress lasts for almost 1 mm in healthy cable case. 
Figure 4.27 shows plot for electric potential in V versus distance in mm, the potential value 
is minimized to zero after high peak at around 3 mm. However, negative potential drop 






























Figure 4.26: Graphical Plot Stress V/mm vs Distance mm for healthy cable at 15 kV potential 
 





4.2.2 UNHEALTHY CABLE INSULATION WITH AIR VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.28. It shows similar behavior of high stress 
towards edges of the elliptical shape air voids. The maximum and minimum values for 
electric stress were found to be 21.2984 kV/mm and 1.0262 kV/mm respectively at 
distances 3.1987 mm and 5.2649 mm.  
 
Figure 4.28: 2D Simulation of Electric Field in V/m of unhealthy cable with air voids at 15 kV potential 
The graphical plot for electrical stress values across all air voids versus distance is 
illustrated by Figure 4.29 and Table 4.5 shows corresponding values across each air void. 
Further plots for electric potential towards air voids is shown by Figure 4.30 and the electric 
field stress for the first gap between first two air voids is shown by Figure 4.31 to emphasize 
the severity of high values of electric field stress towards tips of voids. The first gap has 
the first void’s right tip and second void’s left tip. It is observed that electric stress values 































increase upon leaving the void. However, the first increase in electric stress will possess 
greater value than next increase in electric stress and vice versa. 
 
Figure 4.29: Electric Stress versus Distance across area cross-section for air voids at 15 kV potential 












1 11.5028 2.8209 21.2984 3.1987 
2 19.1714 3.5764 9.4042 3.9542 
3 16.4964 4.3320 8.1912 4.7098 
4 14.4897 5.0875 7.3028 5.4653 






Figure 4.30: Electric Potential versus Distance across area cross-section for air voids at 15 kV potential 
 




The electric tree propagation is shown in Figure 4.32 as red arrowheads for one of the air 
void at 15 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all air voids in this model. The thicker 
and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of air voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.28 became a source of electric tree as shown in Figure 4.32. 
 
Figure 4.32: Electric tree propagation from one of the air voids at 15 kV potential 
 
4.2.3 UNHEALTHY CABLE INSULATION WITH SAND VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.33. It shows a similar behavior of high stress 
towards edges of the elliptical shape sand voids. The maximum and minimum values for 



































distances 3.1987 mm and 5.2765 mm. These maximum and minimum values appear on 
same distance reading as earlier for the case of air voids. 
 
Figure 4.33: 2D Simulation of Electric Field in V/m of unhealthy cable with sand voids at 15 kV potential 
The graphical plot of electrical stress values across all sand voids versus distance is 
illustrated by Figure 4.34 and Table 4.6 shows corresponding values across each sand void. 
Further plots for electric potential towards sand voids is shown by Figure 4.35 and the 
electric field stress for the first gap between first two sand voids is shown by Figure 4.36 
to emphasize the severity of high values of electric field stress towards tips of voids. The 
first gap has the first void’s right tip and second void’s left tip. It is observed that electric 
stress values are high in the beginning which tends to drop when penetrating inside void 
and tends to increase upon leaving the void. However, the first increase in electric stress 



























Figure 4.34: Electric Stress versus Distance across area cross-section for sand voids at 15 kV potential 












1 3.9702 2.8209 24.4883 3.1987 
2 21.9940 3.5764 10.5060 3.9542 
3 19.0470 4.3320 9.2055 4.7098 
4 16.8220 5.0875 8.2687 5.4653 






Figure 4.35: Electric Potential versus Distance across area cross-section for sand voids at 15 kV potential 
 




The electric tree propagation is shown in Figure 4.37 as red arrowheads for one of the sand 
void at 15 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all sand voids in this model. The 
thicker and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of sand voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.33 became a source of electric tree as shown in Figure 4.37. The electric tree 
propagation due to sand voids is observed to be more severe than that of air voids. 
 
Figure 4.37: Electric tree propagation from one of the sand voids at 15 kV potential 
4.2.4 UNHEALTHY CABLE INSULATION WITH WATER VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.38. It shows a similar behavior of high stress 
towards edges of the elliptical shape water voids. The maximum and minimum values for 


























distances 3.1987 mm and 6.1985 mm. This minimum value appears on different distance 
reading as compared to earlier for cases of air and sand voids.  
 
Figure 4.38: 2D Simulation of Electric Field in V/m of unhealthy cable with water voids at 15 kV potential 
The graphical plot for electrical stress values across all water voids versus distance is 
illustrated by Figure 4.39 and Table 4.7 shows corresponding values across each water 
void. Further plots for electric potential towards sand voids is shown by Figure 4.40 and 
the electric field stress for the first gap between first two water voids is shown by Figure 
4.41 to emphasize the severity of high values of electric field stress towards tips of voids. 
The first gap has the first void’s right tip and second void’s left tip. It is observed that 
electric stress values are high in the beginning which tends to drop when penetrating inside 
void and tends to increase upon leaving the void. However, the first increase in electric 
































Figure 4.39: Electric Stress versus Distance across area cross-section for water voids at 15 kV potential 












1 0.2367 2.8209 25.7714 3.1987 
2 23.1218 3.5764 10.9760 3.9542 
3 20.0698 4.3320 9.6382 4.7098 
4 17.7615 5.0875 8.6830 5.4653 






Figure 4.40: Electric Potential versus Distance across area cross-section for water voids at 15 kV potential 
 




The electric tree propagation is shown in Figure 4.42 as red arrowheads for one of the water 
void at 15 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all water voids in this model. The 
thicker and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of water voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.38 became a source of electric tree as shown in Figure 4.42. The electric tree 
propagation due to water voids is observed to be more severe than that of air and sand 
voids. 
 
Figure 4.42: Electric tree propagation from one of the water voids at 15 kV potential 
4.2.5 UNHEALTHY CABLE INSULATION WITH MIXTURE OF WATER AND 
AIR VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 


























towards edges of the elliptical shape mix voids. The maximum and minimum values for 
electric stress were found to be 25.0462 kV/mm and 0.0226 kV/mm respectively at 
distances 3.1987 mm and 6.1985 mm. This minimum value appears on different distance 
reading as compared to earlier for cases of air and sand voids but same as water voids.  
 
Figure 4.43: 2D Simulation of Electric Field in V/m of unhealthy cable with mix voids at 15 kV potential 
The graphical plot for electrical stress values across all voids versus distance is illustrated 
by Figure 4.44 and Table 4.8 shows corresponding values across each void. Further plots 
for electric potential towards mix voids is shown by Figure 4.45 and the electric field stress 
for the first gap between first two voids is shown by Figure 4.46 to emphasize the severity 
of high values of electric field stress towards tips of voids. The first gap has the first void’s 
right tip and second void’s left tip. It is observed that electric stress values are high in the 


























leaving the void. However, the first increase in electric stress will possess greater value 
than next increase in electric stress and vice versa. 
 
Figure 4.44: Electric Stress versus Distance across area cross-section for mix voids at 15 kV potential 












1 0.2302 2.8209 25.0462 3.1987 
2 20.5014 3.5764 10.0852 3.9542 
3 19.4748 4.3320 9.3442 4.7098 
4 15.5484 5.0875 7.8917 5.4653 






Figure 4.45: Electric Potential versus Distance across area cross-section for mix voids at 15 kV potential 
 




The electric tree propagation is shown in Figure 4.47 as red arrowheads for one of the mix 
void at 15 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all mix voids in this model. The 
thicker and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of mix voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.43 became a source of electric tree as shown in Figure 4.47. Also, the electric tree 
propagation due to water voids is observed to be more severe than that of air, sand and mix 
voids. 
 
Figure 4.47: Electric tree propagation from one of the mix voids at 15 kV potential 
By comparing simulation and results of all cases under 15 kV applied potential, the worst 
case for electrical tree propagation from high electric field stress values was again of water 
voids. The severity due to these cases can be seen in following the descending order: 


























4.3 ELECTRIC FIELD DISTRIBUTION AND TREE 
PROPAGATION AT 20 kV POTENTIAL 
Cases for healthy cable insulation with no voids, unhealthy cable insulation with air, sand, 
water and mix voids are again simulated from the proposed geometrical model at 20 kV 
potential. 
4.3.1 HEALTHY CABLE INSULATION WITH NO VOIDS 
Figure 4.48 shows a 2D simulation of electric field stress distribution in V/m for the cable 
model under no voids. It shows the negligible amount of field towards insulation till outer 
boundary. The region near copper core has highest electric field and insulation serves 
purpose successfully to minimize it. Figure 4.49 shows plot for stress in V/mm versus 
distance of the same cable region selected. Electric stress diminishes completely at 3.8 mm 
which in fact clears that copper core outer boundary is at 2.8209 mm. It shows that stress 
lasts for almost 1 mm in healthy cable case.  
 



























Figure 4.50 shows plot for electric potential in V versus distance in mm, the potential value 
is minimized to zero after the high peak at around 3 mm. However, negative potential drop 
was observed prior to reaching 3 mm and then approaches to the zero. 
 
Figure 4.49: Graphical Plot Stress V/mm vs Distance mm for healthy cable at 20 kV potential 
 




4.3.2 UNHEALTHY CABLE INSULATION WITH AIR VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.51. It shows a similar behavior of high stress 
towards edges of the elliptical shape air voids. The maximum and minimum values for 
electric stress were found to be 28.3979 kV/mm and 1.3683 kV/mm respectively at 
distances 3.1987 mm and 5.2649 mm.  
 
Figure 4.51: 2D Simulation of Electric Field in V/m of unhealthy cable with air voids at 20 kV potential 
The graphical plot for electrical stress values across all air voids versus distance is 
illustrated by Figure 4.52 and Table 4.9 shows corresponding values across each air void. 
Further plots for electric potential towards air voids is shown by Figure 4.53 and the electric 
field stress for the first gap between first two air voids is shown by Figure 4.54 to emphasize 
the severity of high values of electric field stress towards tips of voids. The first gap has 
the first void’s right tip and second void’s left tip. It is observed that electric stress values 































increase upon leaving the void. However, the first increase in electric stress will possess 
greater value than next increase in electric stress and vice versa. 
 
Figure 4.52: Electric Stress versus Distance across area cross-section for air voids at 20 kV potential 












1 15.3371 2.8209 28.3979 3.1987 
2 25.5619 3.5764 12.5390 3.9542 
3 21.9952 4.3320 10.9216 4.7098 
4 19.3196 5.0875 9.7370 5.4653 






Figure 4.53: Electric Potential versus Distance across area cross-section for air voids at 20 kV potential 
 




The electric tree propagation is shown in Figure 4.55 as red arrowheads for one of the air 
void at 20 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all air voids in this model. The thicker 
and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of air voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.51 became a source of electric tree as shown in Figure 4.55. 
 
Figure 4.55: Electric tree propagation from one of the air voids at 20 kV potential 
4.3.3 UNHEALTHY CABLE INSULATION WITH SAND VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.56. It shows a similar behavior of high stress 
towards edges of the elliptical shape sand voids. The maximum and minimum values for 




















































distances 3.1987 mm and 5.2765 mm. These maximum and minimum values appear on 
same distance reading as earlier for the case of air voids. 
 
Figure 4.56: 2D Simulation of Electric Field in V/m of unhealthy cable with sand voids at 20 kV potential 
The graphical plot of electrical stress values across all sand voids versus distance is 
illustrated by Figure 4.57 and Table 4.10 shows corresponding values across each sand 
void. Further plots for electric potential towards sand voids is shown by Figure 4.58 and 
the electric field stress for the first gap between first two sand voids is shown by Figure 
4.59 to emphasize the severity of high values of electric field stress towards tips of voids. 
The first gap has the first void’s right tip and second void’s left tip. It is observed that 
electric stress values are high in the beginning which tends to drop when penetrating inside 
void and tends to increase upon leaving the void. However, the first increase in electric 



























Figure 4.57: Electric Stress versus Distance across area cross-section for sand voids at 20 kV potential 












1 5.2936 2.8209 32.6511 3.1987 
2 29.3253 3.5764 14.0079 3.9542 
3 25.3960 4.3320 12.2741 4.7098 
4 22.4294 5.0875 11.0249 5.4653 






Figure 4.58: Electric Potential versus Distance across area cross-section for sand voids at 20 kV potential 
 




The electric tree propagation is shown in Figure 4.60 as red arrowheads for one of the sand 
void at 20 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all sand voids in this model. The 
thicker and longer the arrowhead more is the severity of electric tree propagation from the 
specified region which is observed across tips of sand voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.56 became a source of electric tree as shown in Figure 4.60. The electric tree 
propagation due to sand voids is observed to be more severe than that of air voids. 
 
Figure 4.60: Electric tree propagation from one of the sand voids at 20 kV potential 
4.3.4 UNHEALTHY CABLE INSULATION WITH WATER VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 
model and methodology as shown in Figure 4.61. It shows a similar behavior of high stress 
towards edges of the elliptical shape water voids. The maximum and minimum values for 


























distances 3.1987 mm and 6.1969 mm. This minimum value appears on different distance 
reading as compared to earlier for cases of air and sand voids.  
 
Figure 4.61: 2D Simulation of Electric Field in V/m of unhealthy cable with water voids at 20 kV potential 
The graphical plot for electrical stress values across all water voids versus distance is 
illustrated by Figure 4.62 and Table 4.11 shows corresponding values across each water 
void. Further plots for electric potential towards sand voids is shown by Figure 4.63 and 
the electric field stress for the first gap between first two water voids is shown by Figure 
4.64 to emphasize the severity of high values of electric field stress towards tips of voids. 
The first gap has the first void’s right tip and second void’s left tip. It is observed that 
electric stress values are high in the beginning which tends to drop when penetrating inside 
void and tends to increase upon leaving the void. However, the first increase in electric 
































Figure 4.62: Electric Stress versus Distance across area cross-section for water voids at 20 kV potential 












1 0.3155 2.8209 34.3619 3.1987 
2 30.8290 3.5764 14.6347 3.9542 
3 26.7597 4.3320 12.8509 4.7098 
4 23.6820 5.0875 11.5773 5.4653 






Figure 4.63: Electric Potential versus Distance across area cross-section for water voids at 20 kV potential 
 




The electric tree propagation is shown in Figure 4.65 as red arrowheads for one of the water 
void at 20 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all water voids in this model. The 
thicker and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of water voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.61 became a source of electric tree as shown in Figure 4.65. The electric tree 
propagation due to water voids is observed to be more severe than that of air and sand 
voids. 
 
Figure 4.65: Electric tree propagation from one of the water voids at 20 kV potential 
4.3.5 UNHEALTHY CABLE INSULATION WITH MIXTURE OF WATER AND 
AIR VOIDS  
The simulation for electrical field stress distribution is performed on proposed geometrical 


























towards edges of the elliptical shape mix voids. The maximum and minimum values for 
electric stress were found to be 33.3950 kV/mm and 0.0302 kV/mm respectively at 
distances 3.1987 mm and 6.1985 mm. This minimum value appears on different distance 
reading as compared to earlier for cases of air, sand and water voids.  
 
Figure 4.66: 2D Simulation of Electric Field in V/m of unhealthy cable with mix voids at 20 kV potential 
The graphical plot for electrical stress values across all voids versus distance is illustrated 
by Figure 4.67 and Table 4.12 shows corresponding values across each void. Further plots 
for electric potential towards mix voids is shown by Figure 4.68 and the electric field stress 
for the first gap between first two voids is shown by Figure 4.69 to emphasize the severity 
of high values of electric field stress towards tips of voids. The first gap has the first void’s 
right tip and second void’s left tip. It is observed that electric stress values are high in the 
beginning which tends to drop when penetrating inside void and tends to increase upon 
leaving the void. However, the first increase in electric stress will possess greater value 



























Figure 4.67: Electric Stress versus Distance across area cross-section for mix voids at 20 kV potential 












1 0.3070 2.8209 33.395 3.1987 
2 27.3352 3.5764 13.4469 3.9542 
3 25.9664 4.3320 12.4590 4.7098 
4 20.7312 5.0875 10.5222 5.4653 






Figure 4.68: Electric Potential versus Distance across area cross-section for mix voids at 20 kV potential 
 




The electric tree propagation is shown in Figure 4.70 as red arrowheads for one of the mix 
void at 20 kV potential. The tip of water trees can be seen on void edges as red, yellow and 
green diffusion and water tree itself can be seen as a black outer line of the void. The 
behavior of electric trees was observed to be same for all mix voids in this model. The 
thicker and longer the arrowhead, more is the severity of electric tree propagation from the 
specified region which is observed across tips of mix voids. It is also observed that high 
electric stress field areas were identified in the simulation of electric field distribution in 
Figure 4.66 became a source of the electric tree as shown in Figure 4.70. Also, the electric 
tree propagation due to water voids is observed to be more severe than that of air, sand and 
mix voids. 
 
Figure 4.70: Electric tree propagation from one of the mix voids at 20 kV potential 
By comparing simulation and results of all cases under 20 kV applied potential, the worst 
case for electrical tree propagation from high electric field stress values was again of water 
voids. The severity due to these cases can be seen in following the descending order: 


























Table 4.13 shows overall summary of results simulated at different applied potentials for 
all void cases. 




Maximum values of electric stress in kV/mm 
Water Voids Mix Voids Sand Voids Air Voids 
10 17.1809 16.6975 16.3256 14.1990 
15 25.7714 25.0462 24.4883 21.2984 
20 34.3619 33.395 32.6511 28.3979 
 
4.4 ELECTRIC FIELD DISTRIBUTION AND TREE 
PROPAGATION AT 20 kV POTENTIAL CONSISTING 
WATER VOIDS USING POLYPROPYLENE CABLE 
INSULATION 
By comparing simulation and results of all cases under different applied potential values, 
the worst case for electrical tree propagation from high electric field stress values was of 
water voids when applied different potential values of 10, 15 and 20 kV. Thus, to further 
investigate and to determine impact of changing cable insulation from polyester resin to 
polypropylene, simulation is performed again for the same proposed model with water 
voids by changing insulation material properties such as relative permittivity and electrical 
conductivity. The relative permittivity of pure polypropylene is 2.2 and possess better 




The simulation shows a similar behavior of high stress towards edges of the elliptical shape 
water voids. The maximum and minimum values for electric stress were found to be 
28.2190 kV/mm and 1.3245 kV/mm respectively at distances 3.1987 mm and 5.2649 mm. 
The graphical plot for electrical stress values across all water voids versus distance is 
illustrated by Figure 4.71 and Table 4.14 shows corresponding values across each water 
void.  
The electric field stress for the first gap between first two air voids is shown by Figure 4.72 
to emphasize the severity of high values of electric field stress towards tips of voids. The 
first gap has the first void’s right tip and second void’s left tip. It is observed that electric 
stress values are high in the beginning which tends to drop when penetrating inside void 
and tends to increase upon leaving the void. However, the first increase in electric stress 
will possess greater value than next increase in electric stress and vice versa. 
 




























































1 0.3155 15.3111 2.8209 34.3619 28.2190 3.1987 
2 30.8290 25.5551 3.5764 14.6347 12.5290 3.9542 
3 26.7597 21.8990 4.3320 12.8509 10.8710 4.7098 
4 23.6820 19.3100 5.0875 11.5773 9.6375 5.4653 
5 24.2348 18.7123 5.8431 0.3439 15.0489 6.2209 
 
 
























The electric tree propagation is shown in Figure 4.73 as red arrowheads from one of the 
water void for polyester resin cable whereas yellow arrowheads are for polypropylene 
cable at 20 kV applied potential. The tip of water trees can be seen on void edges as red, 
yellow and green diffusion and water tree itself can be seen as a black outer line of the 
void. The behavior of electric trees was observed to be same for all water voids in this 
model. The larger the arrowhead, more is the severity of electric tree propagation across 
tips of water voids.  
By comparing with worst case of water voids at applied potential of 20 kV of polyester 
resin cable, the distribution of electric field and electrical tree propagation was found less 
severe in polypropylene cable. Thus, it shows that lesser the value of relative permittivity 
of insulation medium lesser is the electric field stress values across the cable insulation 
under breakdown situations. 
 



























CONCLUSIONS AND RECOMMENDATIONS 
1. The finite element method is a very helpful computational method for design engineers 
especially in the electric cable industry to simulate their cable geometry design under 
different conditions of material properties and electrostatics. 
2. The aging of cables is directly associated with the formation of electric and water trees. 
Electric trees are formed due to high electric field stress towards insulation medium 
that can lead to the breakdown of dielectric strength.  
3. Water trees are formed in the regions of electric tree growth due to penetration of 
moisture caused by high electric field stress causing cable insulation breakdown. 
Breakdown occurs when electric field stress values exceed dielectric strength value of 
insulation medium. In this case, the value for dielectric strength was 20kV/mm for 
polyester resin. 
4. For all cases of air, sand, water, and mix voids taken under study by applying 10, 15 
and 20 kV potential voltage, it was observed that the case of water voids was more 
severe at applying 20 kV for electric field distribution and electrical tree propagation. 
Thus, greater the relative permittivity of impurity, greater will be the values of electric 
field stress. That’s why water void has more tree formation across high-stress points 
due to conductivity and relative permittivity as compare to mix voids. Similarly mix 
voids have more tree formation as compare to sand voids and sand voids has more as 




5. The overlapping of water trees from tips of voids increases with an increase in applied 
potential. 
6. Water tree starts as tips from high-stress regions of electric fields and merges into the 
elliptical boundary of all voids. 
7. More dynamic geometry should be modeled for cable insulation and material used in 
insulation should be more nonlinear so as to suppress high electric stress fields easily.  
8. Cable insulation medium having less permittivity should be used to prevent 
catastrophic breakdown of cable insulation along with more nonlinear characteristics 
having large portfolio of crystalline habits, organization, sizes and orientation. 
9. The material of insulation cable needs more to be nonlinear and current approach of 
FEM model does not cover large portfolio of crystalline habits, organization, sizes and 
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